ABSTRACT: Twenty-five ball pythons, Python regius, were anesthetized, and 25% of the spectacle was resected. Groups of five snakes were humanely euthanized at different times from 24 h to 3 months postoperatively; the eyes were removed and fixed in either formalin or Bouin's solution, and they were sectioned through the wound for histologic evaluation. Engorgement of the spectacular vessels with edema adjacent to the wound edges was observed immediately post-operatively, with this post-surgical response subsiding over several weeks. An amorphous plaque of homogenous proteinaceous material completely filled the defect within 24 h and allowed re-establishment of the subspectacular space and normal wetting of the corneal surface within 1 wk. A variable degree of inflammatory cell infiltration occurred immediately postoperatively and subsided over 30 days. The germinal epithelium of the spectacle migrated under the amorphous plaque by 3 wk post-operatively, re-establishing a germinal center for production of new spectacle material. Normal wound healing resulted in regeneration of normal spectacle morphology by 3 months post-operatively in all animals examined. Experimental animals did not seem to be at risk for a higher incidence of ocular or subspectacular infections as a direct result of partial spectaculectomy. We conclude that partial removal of the spectacle is a feasible procedure to gain access to the ocular compartment for treatment of ophthalmic disease.
INTRODUCTION
Awareness and interest in exotic animal medicine and comparative ophthalmology have been increasing at a rate proportional to the increasing interest in ownership of snakes and other reptiles as pets. In particular, many patterns in ophthalmic diseases have been observed, with particular reference to the spectacle of snake eyes. The spectacle serves two distinct roles in the snake eye: a transparent refracting surface allowing for normal vision and a protective layer to prevent damage to the underlying cornea by serving as the anterior border of the subspectatcular space ( Fig. 1 ). This protective layer keeps the corneal surface moistened and lubricated. The spectacle of snakes forms from the embryonic fusion of the upper and lower lids (Underwood, 1970) . Exteriorly, it has a well-developed superficial keratinized layer and a more deeply located germinal layer that contains a vascular supply, analogous to the structure of the squamate epidermis (Ionescu and Miscalescu, 1972) . The keratinized layer is regularly replaced by the germinal layer and is shed during ecdysis. Between the spectacle and the cornea is the subspectacular space, into which both the lacrimal and Harderian glands drain to contribute to the precorneal tear film. Tears produced in the subspectacular space drain into the buccal cavity via the nasolacrimal duct that originates at the medial canthus and enters the roof of the mouth immediately caudal to the vomeronasal organ (Jacobson's organ). Deep to the subspectacular space is the corneal epithelium that is bathed by the precorneal tear film.
Ophthalmic problems in snakes frequently involve the spectacle directly or indirectly. Primary spectacle diseases include retained spectacles associated with dysecdysis, trauma, or intraspectacular dermatitis and bullous spectaculopathy (Zwart et al., 1973; Millichamp et al., 1983) . The most common secondary disease affecting the spectacle is subspectacular abscess; this frequently follows an oral infection (stomatitis) (Millichamp et al., 1986) . Subspectacular abscesses can produce a necrotizing spectacular defect or may necessitate the creation of a defect in the spectacle during the treatment. Clinical experience has documented that complete avulsion of the spectacle resulting from disease processes or from intended or inadvertent removal of too large a segment of the spectacle can lead to exposure keratitis of the underlying cornea and may potentially result in panophthalmitis. To preserve normal visual function, healing of the spectacular defect must occur in such a way that allows for repair of the primary defect while preventing further damage, resulting in recreating an optically transparent structure.
The goal of this study was to investigate normal spectacle wound healing and to assess the ability of the spectacle to heal after surgical resection of 25% of its structure.
MATERIALS AND METHODS
All procedures were approved by the Animal Care and Use Committee at the School of Veterinary Medicine, University of Wisconsin (Madison, WI). Twenty-five royal pythons, Python regius, ranging in weight from 0.26 to 1.3 kg were purchased from a commercial vendor and treated for parasites with 0.2 mg/kg SC ivermectin (Ivomec, Merial Limited, Iselin, NJ). All snakes were housed in the University of Wisconsin, School of Veterinary Medicine Laboratory Animal Facility for 60 days before surgery. A complete ophthalmic examination was performed on all snakes, and only ophthalmically normal animals were included in the study. Each animal was weighed before surgery. The 25 snakes were then subdivided into five groups, with each group representing a mixed range of body weights. Each group was housed in a single cage with newspaper substrate and an exterior heat source, and snakes were fed frozen-thawed mice weekly. The relative humidity and temperature were maintained at approximately 70% and 31°C (87.8°F), respectively, in each cage throughout the study.
All snakes were anesthetized using isoflurane (Aerrane, Baxter Pharmaceutical Products Incorporated, Deerfield, IL) mixed with oxygen administered by direct intubation with either a 2-mm endotracheal tube; a 16-gauge intravenous catheter (Angiocath, Becton-Dickson Infusion Therapy Systems Inc., Sandy, UT) without a stylet; or a 14-gauge intravenous catheter without a stylet, depending on the size of the snake. Anesthesia was maintained at a flow rate of 2 L/min by using an out-of-circuit anesthesia vaporizer (Isoflurane Vaporizer, DRE, Louisville, KY) and a Bain circuit. The snakes were manually ventilated with a rebreathing bag at a rate of 3 breaths/min regardless of the snake's own respiratory rate. Isoflurane vaporizor settings varied between 2 and 4% depending on the individual response to the anesthesia and surgery. A Doppler was taped in place over the heart, and all snakes were kept on circulating warm water blankets during anesthesia and recovery. After a surgical plane of anesthesia was achieved, the snake's head was positioned in either left or right lateral recumbency, depending on which eye was to be operated on. A dissecting microscope was used to allow for adequate visualization of the spectacle during the surgery. A 30-gauge needle was introduced into the subspectacular space through the inferior spectacular limbus, and the space was distended by injection of 0.1 ml of 2.5% methylcellulose to ensure that the cornea would not be damaged during partial surgical resection of the spectacle ( Fig. 2A) . During injection of the methylcellulose, the cornea was visibly displaced posterior to the spectacle. Vannas scissors were then used to excise 25% of the spectacle in a pie-shaped wedge that included the border of the spectacular limbus from the inferior-temporal portion of one eye (Fig. 2B) . After the spectacle was excised, isoflurane was turned off, and oxygen at 2 L/min was continued until the snake respired independently. During recovery, 1 drop of polymyxin-neomycin-bacitracin antibiotic solution (Bausch & Lomb Pharmaceuticals Incorporated, Tampa, FL) was applied to the surgical wound, and the snakes were kept on a warm water blanket until full recovery. No other topical medications were administered to the wounded eye. After surgery, the snakes' eyes were photographed every 24 h for the first week, then every 48 h for the next 3 wk, and finally once per week for the next 4 wk. Sequential slit lamp exams were performed on all surviving snakes at 24 h and 7, 10, 14, 21, 95, and 116 days post-operatively. In 20 of the snakes, the contralateral eye was not operated on, thus serving as a control for evaluation of morphology. In five snakes, both eyes were operated on, with a delay between operations so that upon euthanasia, the left eye (OS) represented the 14 day post-operative group and the right eye (OD) represented the 95 day post-operative group.
Groups of five snakes received slit lamp examinations and were euthanized at 24 h and 7, 14, 21, 95, and 116 days post-operatively. Three of the five snakes from each group were euthanized with an intracardiac overdose of phenytoin sodium (Beuthanasia-D Special, Schering-Plough Animal Health Corporation, Union, NJ). The heads were removed and immersion-fixed in Bouin's fixative solution for 12 h and then transferred to 50% alcohol. The specimens were then decalcified by immersion in a commercial decalcifying solution (Decalcifying Solution, Richard Allen, Kalamazoo, MI) for 24 h, and the head was hemisected with a razor to incise through the center of the spectacle wound and the corresponding region of the non-wounded control eye. Specimens were then processed routinely, embedded in paraffin, and 8-µm histologic sections were obtained. Sections from each specimen were stained with hematoxylin and eosin, periodic acid-Schiff-Alcian blue, and Masson's trichrome. All histologic sections were examined by bright field microscopy. To visualize the effects of wounding on the vascular supply to the spectacle, the remaining two snakes from each group were euthanized with general anesthesia and perfused with formalin. After anesthesia was induced with isoflurane as described above, a single dose of ketamine (Ketaflo, Abbott Laboratories, Abbott Park, IL) at 75 mg/kg IM and xylazine (Xyla-Ject, Phoenix Scientific Inc., St. Joseph, MO) at 2.5 mg/kg IM was administered, and the snakes were removed from gas anesthesia. An incision was made over the heart ventrally through the skin and subcutaneous tissue. The pericardial sac was incised, and the heart was exteriorized from the sac to allow isolation of the common carotid artery. After isolation of the common carotid artery, two bulldog clamps were placed around the artery approximately 2 cm apart. The artery was then incised using a #11 scalpel, and a 22-gauge intravenous catheter was placed into the artery. The catheter was tied in place using 4-0 poly propylene suture (Prolene, Ethicon Inc., Somerville, NJ). An incision was then made into one of the atria, and 50 ml of heparin saline was infused through the catheter, followed by 40 ml of 10% neutral buffered formalin (NBF) and 10 ml of silicone rubber (Microfil silicone rubber, Canton Bio-medical Products, Boulder, CO). The heads of silicone-infused snakes were further immersion fixed in 10% NBF. These specimens were examined using a dissecting microscope and subsequently prepared for histologic sectioning and staining as outlined above for the Bouin's-fixed specimens.
RESULTS
Twenty-four hours-Clinical findings: There was mild edema evident at the spectacle wound edges and multiple small hemorrhages at the limbus of the spectacle.
Observations of vascular casting: The spectacle had mild vascular engorgement evident at the wound edges.
Histologic findings (Fig. 3A) : Hyaline protein plugs were formed at the wound margins in all animals, with varying degrees of extension of this proteinaceous material across the exposed cornea. None of the spectacles evidenced epithelial proliferation. There was marked inflammatory cell infiltration, being greatest adjacent to the damaged edge. In addition, there was a marked increase in inflammatory cells within the subspectacular space, cornea, and iris and to varying degrees in the wounded eye of all snakes. In one animal, hypereosinophilic necrotic granular debris was on the surface and extended through the anterior half of the corneal stroma.
Seven days-Clinical findings: The exposed cornea underlying the region of the spectacle defect was opaque and slightly desiccated with evidence of edema. Droplets of lacrimal fluid were apparent at the wound edges. The cut edges of the spectacle were markedly edematous, and there was a moderate amount of diffuse spectacular edema.
Observations of vascular casting: There was moderate vascular engorgement of the spectacle.
Histologic findings (Fig. 3B ): All snakes showed a cell-poor to acellular hypereosinophilic proteinaceous crust extending from the defect margins, bridging the defect in most cases. This crust contacted the anterior corneal surface in three or five cases. There was no change in the keratin cap beyond its cut edges. The germinal epithelium of the spectacle had undergone hyperplastic proliferation and extended through the spectacular wound migrating onto the posterior surface of the spectacle. There continued to be an inflammatory cell infiltrate in the cornea, anterior chamber, and iris, to varying degrees, in all animals. One snake had a necrotic corneal plaque underlying the site of the spectacle defect with reorganization of corneal collagen fibers.
Ten days-Clinical findings: All snakes had a proteinaceous plug completely filling the spectacular wound. Moderate edema was present associated with the wound margins. Lacrimal fluid leakage was evident around the amorphous plug where it joined the margin of the spectacle wound.
Fourteen days-Clinical findings:
The surface of the spectacle was wrinkled at the wound edges. The cornea moved freely underneath the proteinaceous deposit that completely filled the spectacle defect. In some snakes, the margin of the wound evidenced partial separation of the superficial keratinized zone from the deeper germinal zone. In some snakes, there were infiltrates around the spectacular wound edges. Similar to the clinical findings, in some snakes large indentations (wrinkles) in the spectacle extended from the wound edges into the normal spectacle. In one animal, the wounded area was opaque, yet not edematous like the surrounding spectacle, which was about to shed. A few dilated vessels were present, and there was a mild degree of tortuosity of vessels at the margin of the fibrinoid deposit. Increased permeability of iridial and spectacular vessels was evidenced by the presence of multiple small hemorrhagic foci. There was marked spectacular edema adjacent to the wound margins in all animals with mild blood staining within the fibrinoid deposit. At 7 days, the exposed cornea was slightly desiccated, and spectacle edema was diffuse and more marked at the cut edges. (C) At 21 days, a proteinaceous plug completely filled the spectacular wound, and the spectacle was re-establishing under the plug. (D) At 95 days, the integrity of the spectacle is re-established, and the proteinaceous plug is shed. (E) At 111 days, the proteinaceous plug has shed, and the transparent spectacle has mild to moderate scarring at the wound edges.
Observations of vascular casting: Early neovascularization was noted at the spectacle wound margins.
Histologic findings: In all snakes, the proteinaceous hypereosinophilic plug bridged the wound margins, and there was histologic evidence of healing and regeneration. The epithelial margins of the wound were thickened, forming a slight mound of tissue that extended superficially beyond the superficial aspect of the proteinaceous plug. The germinal epithelium was hypercellular and extended beyond the wound margins under the margins of the proteinaceous plug. A reduced inflammatory cell infiltrate was noted in the spectacle and cornea. In two of four snakes, the hypereosinophilic proteinaceous plug was in contact with the superficial aspect of the cornea. One animal showed complete regeneration of spectacular tissue extending completely under the proteinaceous plug. One snake had a fullthickness defect of the cornea with prolapse of iridial tissues into the defect and adjacent hypercellular proliferation.
Twenty-one days-Clinical findings: Four of five snakes had a proteinaceous plug completely covering the site of the original spectacle defect. There were wrinkles in the spectacle extending from the wound margins into normal spectacle.
Observations of vascular casting (Fig. 4B) : Evidence of neovascularization within the proteinaceous plug was observed, and Microfil latex leaked within the proteinaceous plug.
Histologic findings (Fig. 3C) : In all animals, the spectacle had regenerated across the defect under the proteinaceous plug. Within the regenerating spectacle, there was hypercellularity of the stroma and epithelial hypertrophy. The germinal stroma was hypovascular but approaching normal. Three of five snakes had vascularized corneas. Two of these animals also had anterior synechiae with associated corneal scarring. One of the snakes with synechia evidenced lysis and reorganization of the corneal stroma with a rupture in the anterior lens capsule. One animal had undergone ecdysis and shed the hypereosinophilic crust that was on the surface of the cornea, covering the defect. The cornea of this animal showed minimal reorganization and the spectacle had epithelial hypertrophy with thickening and hypercellularity of the stroma.
Ninety-five days-Clinical findings:
Three of five snakes were found to have shed the proteinaceous plug. In two of these, a transparent spectacle was found with very slight scarring at the wound margins. The remainder of the snakes were examined after manually shedding the headpiece, and there was contraction of the adjacent spectacular tissue toward the wound bed, with resulting deformation of the surrounding normal spectacle. One snake had a completely opaque spectacle with the region of regenerated spectacle j also being opaque. This individual had retained the proteinaceous plug, but it had lifted off the surface of the underlying regenerated spectacle. In the region of the original wound margin, the spectacle was 50% thinner than normal. One animal was found dead in its cage on day 93 due to unidentified causes. Therefore, although clinical observations were made up to its time of death, the animal's spectacle was not examined histologically.
Vascular casting (Fig. 4C) : There was an altered vascular pattern with some very fine arborizations within the regenerated spectacle.
Histologic findings (Fig. 3D ): Histologic observations in this group are based on examination of four animals. All animals had completely regenerated their spectacle. Diffuse to moderate thickening of the spectacle was observed in two of the snakes; one thickening was due to a broad area of spongy keratinization and associated inflammatory cell infiltrate; and the other thickening was due to an area of hypercellular stroma with a focus of entrapped foreign material, possibly keratin.
DISCUSSION
This study examined the normal wound healing of the spectacle and the feasibility of surgical resection of 25% its total area in the treatment of subspectacular abscess (Fig. 5) . Healing of the spectacle parallels temporal sequences observed in healing of wounds (Smith and Barker, 1988) . Soon after injury, an inflammatory stage initiated the healing process, followed by an ingrowth of vascular tissue concurrent with a restoration of epithelial barriers. Healing finished with a regeneration of mature epithelial tissue and underlying stroma. Within 24 h, the inflammatory reaction was prominent at the wound. In contrast to mammalian wound healing at 24 h, there were no epithelial changes noted, such as proliferation or hypertrophy. Large numbers of inflammatory cells infiltrated the spectacle, the subspectacular space, and the cornea. A large hyaline proteinaceous plug had formed to fill the defect in the spectacle and seal the subspectacular space. The plug and the inflammatory infiltrate served the same purpose as a similar inflammatory reaction would in mammals, to provide a pathogenresistant barrier until the structures could adequately heal. Figure 5 . Schematic of spectacle wound healing in the snake. The image on the right demonstrates the surgical wound immediately after resection of 25% of the spectacle. The images on the left document distinct phases in the wound healing process that can be identified histologically. One week post-wounding (top): After resection of 25% of the spectacle, a dense proteinaceous exudate develops ("crust") adherent to the cornea in the region of the defect. This crust seals the defect and allows re-establishment of the subspectacular space (filled with tears) peripheral to the wound. Two weeks post-wounding (middle): At this time, the proteinaceous crust has organized to a greater degree and is tightly adhered to the spectacle wound edges. The crust has lifted off from the cornea, and the region under the crust is occupied by tears. The stroma (with blood vessels) and the epithelium of the spectacle have begun extending outward from the wound margin. Three weeks post-wounding (bottom): Under the proteinaceous crust, the stroma and epithelium have re-established their continuity across the wound.
In addition, the plug allows retention of tears over the corneal surface and prevents further water loss of the underlying ocular tissues, as seen in trauma to cutaneous injuries (Maderson et al., 1978b) .
The early response to injury was similar to descriptions of reptilian cutaneous injuries (Mateo et al., 1984) . The cellular infiltrate has been described as general inflammatory cells or leukocytes, because the ability to subclassify these cells as heterophils (Mateo et al., 1984; Smith and Barker, 1988) versus eosinophils (Maderson, 1965; Maderson et al., 1978b) has been debated. No attempt was made in this study to differentiate between the two cell types. In addition, macrophages were not specifically identified in the current study.
At 1 wk post-surgery, cellular proliferation was underway to repair the defect. Epithelial hyperplasia was seen on the inner germinal surface of the spectacle analogous to the hyperplastic-type tissue formed in cutaneous injury (Maderson et al., 1978b) . Epithelial hyperplasia is evidenced by proliferation through the wound to the back of the spectacle. Rapid re-epithelialization may be dependent upon the initial formation of the proteinaceous plug that extended across the entire spectacular wound. The proteinaceous plug may act as a protective shield that provides a surface for the epithelia to migrate upon, as observed in cutaneous wounds, in which the epithelium extends across a combination of fibrin and inflammatory tissue (Smith and Barker, 1988) . This role is supported by the lack of rapid re-epithelialization seen in individual snakes where the proteinaceous plug failed to completely bridge across the defect before euthanasia. In addition, these cases had corneal necrosis due to increased exposure of the cornea. However, it is not known whether these animals would have healed in a normal, if not slower, manner once an epithelial barrier was completely established, because the snakes were euthanized in the course of this study for histologic analysis. All animals histologically observed to have corneal necrosis were ≤21 days post-surgery, whereas only the snakes analyzed histologically at day 95 or later were observed to have fully regenerated spectacular tissue.
Vascular ingrowth closely followed epithelial proliferation and migration. Within the first 2 wk, in most snakes, the epithelia had advanced to cover the entire defect under the crust. As the epithelial margins advanced under the protein plug, they were followed by neovascularization and re-establishment of normal spectacular architecture. By 21 days, all animals had a vascularized, multilayered, regenerating spectacle that, in combination with the proteinaceous plug, allowed re-establishment of the subspectacular space. However, the subspectacular space was not uniform in depth at this point. Most snakes showed no change in the edges of the cut superficial keratin layer. One snake had a completely opaque spectacle, and the region of regenerated spectacle had an intact germinal epithelium underlying the keratinized epithelium that was about to be shed. Another animal had undergone ecdysis before histologic analysis of the spectacle; shed the protein plug; and reformed a new keratin layer, even though the spectacle was not yet histologically normal. This indicates that the beta-layers, a distinct keratinized layer of the epidermis of the healed spectacle, had regenerated and become functional in their role in keratin formation, entering ecdysis at the same time as the rest of the animal's skin, even before the spectacle had completely repaired. The process of ecdysis may contribute to spectacle wound healing (Maderson et al., 1978a) .
Long-term histologic analysis of the last group of animals having undergone spectaculectomy shows that at 3 months the eyes were histologically normal. The complete regeneration of collagen within the spectacle at the site of injury is seen in three of four animals at 95 days. An analogy can be drawn between healing of snake spectacles and healing of primate keratotomies, in that studies have shown that scar tissue is histologically identifiable after corneal keratotomy in the form of disorganized collagen that is gradually replaced and reorganized 6 months after surgery (Waring, 1989 ). This analogy is further supported in that the transparency of both the spectacle and the cornea is necessary for normal vision. However, the healing and reorganization of spectacles were greatly accelerated compared with corneas, probably due to the normal presence of vessels within the spectacle and the regular regeneration and replacement of reptilian spectacles (Mead, 1976) .
The findings of this study support the use of partial surgical resection of the spectacle in the treatment of subspectacular abscesses. This technique allows for treating surgical conditions of the eye in a similar manner to cutaneous surgical conditions, because healing patterns are similar. In addition, eyes that had experimental surgery did not seem to be at risk for a higher incidence of ocular or subspectacular infections as a direct result of partial spectaculectomy than were control eyes.
Analgesic medication administration was not used in this study. At the time this study was conducted and approved by the University of Wisconsin Institutional Animal Care and Use Committee, there were no published reports indicating efficacy of opiates or non-steroidal antiinflammatory drug use in pythons; and even to date, few studies have examined opiate analgesia in snakes. Although one study did find evidence that some analgesia was achieved, it did not conclude that there was a recommended safe dose in the species of snakes examined (Sladky et al., 2008) . A second investigation explored analgesia in royal pythons and found neither meloxicam nor butorphanol had any indication of analgesic or physiologic stress modulation (Olesen et al., 2008) . Another report examined the pharmacokinetics of ketoprofen, and although dosing recommendations were concluded, no analysis of its efficacy as either an analgesic or an anti-inflammatory was performed (Tuttle et al., 2006) . Although it is not within the scope of the current study to examine effective analgesia, both pain and inflammation are concerns and should be included in all further studies.
Nonetheless, partial spectaculectomy does carry several inherent risks, including potential penetration into the ocular space during creation of the initial surgical wound. In addition, as seen in four experimental animals in this study, a partial spectaculectomy puts the animals at risk of corneal erosions and necrosis due to exposure or iatrogenic injury. Based on these findings, we recommend that a surgical resection be <25% of the total spectacular area. From clinical experience, a pie-shaped defect of 10-15% is generally sufficient to allow removal of caseated material and to allow a port for delivery of topical medications to the subspectacular space. Finally, the proteinaceous plug forms rapidly and the intact plug would limit access of topically applied antimicrobials to the subspectacular space. Thus, the plug must be gently disrupted daily for several days after creation of a surgical window in the spectacle. Immediately before treatment, the peripheral adhesions of the plug to the edge of the remaining spectacle margins needs to be disrupted enough in a localized region to allow gentle flushing of antibiotics into the subspectacular space by using a 25-30-gauge blunt cannula (e.g., 25-gauge IV cannula with stylet removed). Great care must be taken during localized loosening of the peripheral adhesions because our findings suggest the plug is necessary for proper regeneration of the spectacle and for re-establishing the subspectacular space. Lack of formation of the proteinaceous plug or trauma resulting in significant displacement of the proteinaceous plug may inhibit normal spectacle healing, thereby increasing the potential for secondary complications.
